ABSTRACT
emissions. Firstly, WL was generated from δ-Gd 2 Si 2 O 7 :xDy thanks to the particular ratio of the blue and yellow emissions observed in all three compositions, which showed chromatic coordinates x=0. 30, y=0 . 33 and CCT values between 7077 K and 6721 K. The decay curves of the main transitions of Dy 3+ showed a maximum lifetime value for δ-Gd 2 Si 2 O 7 :0.5%Dy, which is, therefore, the most efficient doping level. Secondly, a broad spectral range, single-phase, WL-emitting phosphor was generated by co-doping δ-Gd 2 Si 2 O 7 with Tb Keywords: rare earth silicates, luminescence, LEDs, energy transfer
INTRODUCTION
White Solid State Lighting (white SSL), based on LEDs, uses nowadays a mature technology that can compete with the traditional incandescent and fluorescent lamps. 1 It has numerous advantages over the latter such as small size, high lifetime, robustness, fast switching, efficiency, and energy saving. Basically two approaches can be followed to obtain a white SSL. On the one hand, the phosphor-free SSL, known as RGB-LEDs, consist of three or more LEDs with power ratios adjusted to obtain white light. The main disadvantage of this SSL approach is that a complex electronics have to be used due to the different driving currents required by the different color LEDs. On the other hand, a SSL device made of phosphor-converted LEDs, uses an ultraviolet (UV) LED in combination with several phosphors, which convert part of the UV light emitted by the LED into white light. Currently, most of the commercially available white SSL are based on this second approach. They were initially made from a blue emitting LED (InGaN) coated with a yellow phosphor (YAG:Ce 3+ ), 2 so that the combination of the blue and yellow lights generated WL. However, this type of SSL suffers from some weaknesses, such as poor color rendering index and low stability of color temperature. 3 On the other hand, SSL based on UV-LEDs coated with RGB tri-color phosphors show the disadvantage associated to the different velocity of degradation of each phosphor.
White light (WL)-emitting single-phase phosphors might overcome the problems mentioned above and it is considered that they might be the direction of white SSL development. 4 There are different approaches to obtain WL-emission in a single-phase host, namely i) doping a single rare earth (RE) ion into the appropriate matrix, ii) codoping various RE ions with different emissions into a single host which are then excited simultaneously, iii) co-doping different ions in one matrix and control the emission via energy transfer processes, and iv) controlling the concentration of the defect and reaction conditions of defect-related luminescent materials. mol %) in the initial mixture was necessary to suppress formation of an undesired oxyorthosilicate phase. The mixture was stirred at 40 ºC until the formation of a transparent gel, which was then calcined at 60 ºC for 24 h in air. Finally, the samples were heated at 500 ºC for 2 h using a heating rate of 1 ºC min -1 to remove nitrate. The resulting powders were subsequently annealed at 1600 ºC for 48 h.
Characterization techniques
X-ray powder diffraction (XRD) data were recorded on a PANalytical X`Pert Pro Diffractometer (CuK α ) with an X-Celerator detector over an angular range of 10º < 2θ < 120º, 2θ step width of 0.016º. The ICDD powder diffraction database 20 was used to identify the crystalline phases in the powder patterns. Likewise, the XRD patterns were analysed using the TOPAS software The measurements could not be done at 273 nm (the most intense Gd→Ln energy transfer band) because 300 nm was the fluorimeter limit for this type of measurement.
Each measurement was repeated several times and the average value obtained was reported. The set up used consisted of an integrating sphere (Labsphere) with its inner face coated with Spectralon, attached to the spectrofluorimeter. A Spectralon block situated in the sample holder was used as a blank. Spectral correction curves for sphere and emission detector were provided by Horiba Jobin-Yvon. Lifetime measurements were obtained under pulsed excitation at 355 nm and 532 nm, depending on the active lanthanide analysed, by using the second and third harmonics, respectively, of a Nd:YAG laser (Spectra Physics model DCR 2/2A 3378) with a pulse width of 10 ns and a repetition rate of 10 Hz. The fluorescence was analyzed through a Princeton Instruments monochromator (Acton SP2500) and then detected synchronously with an EMI-9558QB photomultiplier and recorded by a Tektronix TDS420 digital oscilloscope. The XRD patterns of the 0.5, 1.0 and 2.0% Dy-doped δ-Gd 2 Si 2 O 7 samples ( Figure S1) showed, exclusively, reflections corresponding to δ-Gd 2 Si 2 O 7 (PDF 00-024-0065), which proves the purity of the samples. All XRD patterns were apparently very similar to each other, with no changes in intensity or line positions in spite of the fact that the samples were doped with Dy
RESULTS

WL generation from Dy-doped δ-Gd
3+
. This fact could be due to both the low Dy contents used for the doping as well as to the similar X-ray scattering factors of Gd . 25 The synthesis procedure allows, therefore, the isomorphic substitution of Gd electronic levels takes place in this sample.
The excitation spectra of the rest of Dy-doped samples were very similar to the one of ions, so that it is only allowed at low symmetries with no inversion center. 27 The fact that this transition was clearly observed in our spectra indicates that Dy 29, 30 and has been assigned to the influence of other factors like the electronegativity of the next-nearest neighbors, which influences the covalency of the Dy-O bond. 31 The Y/B ratio observed for the δ-Gd 2 Si 2 O 7 :Dy 3+ phosphors analyzed in this study resulted very adequate for the generation of white light. The color coordinates were x=0.30, y=0.33 for the three compositions analyzed, which fall well inside the ideal white light region of the CIE diagram. 32 The CCT values, calculated using the empiric formula given by McCamy 23 were 7077 K, 7111 K, and 6721 K for the 0.5, 1.0 and 2% Dy doped samples, respectively. This temperature is some 1000 K higher than the highest CCT reported in the literature for Dy 3+ -based phosphors, 33, 34, 35 which makes this phosphor very useful for inside illumination of offices, classrooms, etc., where a cold lighting (higher CCT) is used to enhance concentration. In order to synthesize a single-phase phosphor, which emits white light with broad spectral dispersion, we have codoped the δ- and Eu 3+ at 273 nm, as well as to the low concentration of Tb, which allows observation of the blue emission, as explained above. Both spectra show, however, different relative intensities of the Tb and Eu bands due to the different Eu/Tb contents of the samples. Thus, the higher the Eu content, the higher the intensity of the bands in the 525-725 nm range, which are characteristic of this ion. It is important to note that the spectra of the co-doped samples do not match with the sum of the spectra of the corresponding single-doped samples. This is likely due to the existence of energy transfer phenomena between the two dopants, which will be analyzed later in this paper.
Among the large set of compositions synthesized the δ-Gd 2 Si 2 O 7 :0.3%Eu 3+ ; 0.8%Tb 3+ sample showed the CIE coordinates (yellow circle in Figure 6b ) closest to the WL point (x=0.33, y=0.33). The CCT of this new single-phase, WL phosphor, calculated using the McCamy equation, 23 was 5828 K, which is a warmer white than that emitted by the Dy-doped δ-Gd 2 Si 2 O 7 phosphor described above. In addition, the fact that the WL emitted by this phosphor is of broad spectral range (blue, green and red components), will contribute to a high color rendering index. The quantum yield of the δ- have been reported in the literature for several matrices co-doped with both ions. 51, 52, 53, 54, 55 To check the existence of such phenomenon in our WL-emitting phosphor, we have studied the luminescence dynamics under pulsed laser excitation in the co-doped as well as in the corresponding single The decay curves were fitted to different types of exponential decays to eventually calculate lifetimes. On the one hand, the 435 nm decay curves could be described by a double-exponential dependence like that given above by equation (1), and the average lifetime values were then calculated using equation (2) . The results are given in Table 1 for both the singly-doped and co-doped samples. On the other hand, the 550 nm decay 
CONCLUSIONS
We have fabricated two different single-phase, WL-emitting phosphors based on δ- 
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